Introduction
============

Quinolizidine alkaloids (QAs) are secondary metabolites that occur mostly within the family Leguminosae and they can occur in the genus *Lupinus*, as well as in *Baptisia, Thermopsis, Genista, Cytisus, Echinosophora*, and *Sophora* ([@B94]). Whilst QAs offer the plants protection against insect pests ([@B148]; [@B12]; [@B140]; [@B104]), they cause a concern for the human consumption of lupin grain and lupin-based foods as high levels confer a bitter taste and may result in acute anticholinergic toxicity, characterized by symptoms such as blurry vision, headache, weakness, and nausea ([@B34]). The lethal dose of QAs in children is estimated to be 11--25 mg total alkaloids kg^-1^ body weight, while no fatal poisonings have been reported in adults ([@B4]; [@B102]).

*Lupinus* is a diverse genus, though only four species have been domesticated and are agriculturally significant: *L. angustifolius* (NLL), *L. albus* (white lupin), *L. luteus* (yellow lupin), and *L. mutabilis* (pearl lupin; [@B102]). These species have been domesticated relatively recently ([@B31]) and as a consequence of this, undesirable traits such as the accumulation of QAs remain. While the grain has been used traditionally as an animal feed, it has gained recognition as a health food; it is high in protein and fiber and possesses certain beneficial nutraceutical properties ([@B103]; [@B40]; [@B129]). QAs complicate the use of the grain for higher-value food purposes as they must remain below the industry threshold of 0.02% in Australia and some European countries ([@B31]; [@B16]; [@B66]). QA levels can vary considerably from year to year under field conditions, often exceeding this threshold ([@B32]). As such, an understanding of the QA biosynthetic pathway is essential in assisting lupin breeders and farmers to produce high-value crops consistently.

Quinolizidine alkaloid biosynthesis has been studied far less extensively than some economically important alkaloids in other plant species, for example nicotine in *Nicotiana*, MIAs in *Catharanthus roseus*, i.e., vinblastine and vincristine, and BIAs in *Coptis japonica* and *Papaver somniferum*, i.e., berberine and morphine, respectively, which represent model species for understanding alkaloid biosynthesis. The past couple of decades have resulted in the identification of many genes involved in alkaloid biosynthesis in these species including biosynthetic genes, transcription factors and transporters, and the identification of enzymes and pathway intermediates through the development of genomic, transcriptomic, proteomic, and metabolomic data sets ([@B38]; [@B57]; [@B9]; [@B98]). In the case of QAs, while the chemistry has been well characterized with more than 170 structures identified ([@B149]), the QA biosynthetic pathway has only been partially elucidated and information on enzymes and genes involved in QA biosynthesis is limited. Here, we discuss what is currently known about QA biosynthesis in lupin, draw on examples from model alkaloid species, and suggest future directions and ways to improve QA biosynthesis in lupin to produce higher-value lupin crops.

Quinolizidine Alkaloids and Biosynthesis
========================================

Quinolizidine alkaloids are so-called because of their quinolizidine ring structure and can be divided into major structural classes: lupanine, angustifoline, lupinine, sparteine, multiflorine, aphylline, anagyrine and cytisine, though the latter two are usually absent in lupins and more commonly found in *Thermopsis, Sophora, Echinosophora*, and *Genista* ([@B145]; [@B94]; [@B17]). Each lupin species has a characteristic alkaloid profile (**Table [1](#T1){ref-type="table"}**). Usually, only the presence of major QAs are reported---defined as individual QAs with levels ≥1% of total QAs---although many other QAs have been detected at trace levels in each of the lupin species ([@B154]). Of the major QAs in lupin grain, three of the four domesticated lupins share lupanine and 13α-hydroxylupanine. Each cultivated lupin species also has unique major QAs such as isolupanine and angustifoline for NLL, albine and multiflorine for *L. albus*, and lupinine for *L. luteus* (**Table [1](#T1){ref-type="table"}**). The indole alkaloid gramine is also a major component in bitter *L. luteus* grain and the piperidine alkaloid ammodendrine is found in major quantities in *L. mutabilis* and minor quantities in *L. luteus* and *L. albus* grain ([@B154]; [@B37]; [@B2]). QAs vary in their toxicity and their deterrence against insect pests. Sparteine and lupanine appear to be the two most toxic QAs to humans and laboratory animals ([@B4]; [@B102]), with lupanine having the greatest impact on aphid survival, followed by indole alkaloid gramine, sparteine, lupinine, and 13α-hydroxylupanine and angustifoline having the least impact ([@B111]).

###### 

Major QAs (≥1%) identified in seed of lupin species.

  Lupin species        Major grain QAs (% of total alkaloids)                                                                                                                                                                                                           Reference
  -------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -----------
  *L. angustifolius*   Lupanine (70%), 13α-hydroxylupanine (12%), angustifoline (10%)                                                                                                                                                                                   [@B154]
                       Lupanine (50.6%), 13α-hydroxylupanine (32.6%), angustifoline (10.4%), isolupanine (6.4%; average values)                                                                                                                                         [@B108]
  *L. albus*           Lupanine (70%), albine (15%), 13α-hydroxylupanine (8%), multiflorine (3%)                                                                                                                                                                        [@B154]
  *L. luteus*          Lupinine (60%), sparteine (30%), unknown minor alkaloids (1%)                                                                                                                                                                                    [@B154]
                       Gramine^∗^ (10--89%), lupinine (3--60%), sparteine (1--20%), isosparteine (1--5%)                                                                                                                                                                [@B2]
  *L. mutabilis*       Lupanine (46%), sparteine (16%), 3β-hydroxylupanine (12%), 13α-hydroxylupanine (7%), ammodendrine^∗^ (2%), 13-angeloyloxylupanine (2%), tetrahydrorhombifoline (2%), 11-12-dehydrosparteine (1%) angustifoline (1%), 13-tigoyloxylupanine (1%)   [@B154]

∗

Gramine and ammodendrine are indole and piperidine alkaloids, respectively.

The biosynthesis of all QAs begins with the decarboxylation of L-lysine to form the intermediate cadaverine by a L/ODC such as the *Lupinus angustifolius* L/ODC *(La-L/ODC*; [@B80]; [@B20]) (**Figure [1](#F1){ref-type="fig"}**). Cadaverine then undergoes oxidative deamination, by a copper amine oxidase (CuAO), to yield 5-aminopentanal which is then spontaneously cyclized to Δ^1^-piperideine Schiff base ([@B80]; [@B50]; [@B22]). It has been suggested that in addition to these reactions, a series of reactions including Schiff base formations, aldol-type reactions, hydrolysis, oxidative deamination and coupling gives rise to the major structural QAs (e.g., lupanine and others; [@B39]), with the diiminium cation proposed as an intermediate in the biosynthesis of tetracyclic alkaloids (e.g., lupanine, multiflorine, and sparteine; [@B46]). These QAs can then be further modified by dehydrogenation, oxygenation, hydroxylation, glycosylation, or esterification to form a wide variety of structurally related QAs ([@B152]; [@B114]; [@B94]). The acyltransferase HMT/HLT forms acetylated products of 13α-hydroxylupanine and 13α-hydroxymultiflorine and a *L. albus HMT/HLT* (*LaHMT/HLT*) gene encoding this enzyme has been characterized ([@B115]; [@B128]; [@B95]). The acyltransferase ECT/EFT-LCT/LFT forms acetylated products of lupinine and epilupinine ([@B115], [@B114]; [@B128]; [@B22]). *L. angustifolius acyltransferase* (*LaAT*) is suggested to be involved in the formation of QA esters, though its enzymatic function has not been confirmed ([@B21]).

![**Quinolizidine alkaloid biosynthetic pathway: all QAs are derived from lysine.** Enzymes involved in the pathway are L/ODC, copper amine oxidase (CuAO), and two acyltransferases (ECT/EFT-LCT/LFT and HMT/HLT). Dotted lines represent uncharacterized enzyme reactions (adapted from [@B22]).](fpls-08-00087-g001){#F1}

While only two genes have been identified in QA biosynthesis, the discovery of biosynthetic genes involved in the formation of other alkaloids may assist in identifying homologous genes in the QA pathway, for example, *La-L/ODC* was identified as a homolog of *ODC*, involved in the biosynthesis of a precursor for nicotine biosynthesis ([@B20]). Enzymes common in nicotine, MIA, BIA, as well as Amaryllidaceae alkaloid biosynthetic pathways include: methyltransferases, decarboxylases, oxidases, acyltransferases, cytochromes P450 (cP450s), oxidoreductases, demethylases, reductases, hydroxylases and coupling enzymes, and genes encoding many of these enzymes have been identified in *Nicotiana, C. roseus, C. japonica*, and *P. somniferum* ([@B14]; [@B38]; [@B57]; [@B75]; [@B98]; [@B132]). Many of these common types of enzymes are either known (i.e., decarboxylase, oxidase, and acyltransferases) or suggested (listed above) to play a role in QA biosynthesis. Transcriptome analysis has also identified several genes co-expressed with a putative *Sophora flavescens L/ODC*, encoding a major latex-like protein (MLP-like), a cP450, a ripening related protein and an uncharacterized protein ([@B58]), which may also have roles in QA biosynthesis. MLP-like proteins may be involved in BIA biosynthesis, though their biological function is unkown, and the berberine bridge and berberine bridge-like enzymes catalyze oxidative reactions for the biosynthesis of BIAs and *Nicotiana* alkaloids ([@B43]; [@B116]; [@B69]), possibly having similar roles in QA biosynthesis. Cytochromes P450 have a role in hydroxylation reactions, as well as other reactions, in MIA and BIA biosynthesis ([@B101]; [@B132]) and may be involved in QA hydroxylation reactions in the synthesis of derivatives of major structural QAs (**Figure [1](#F1){ref-type="fig"}**).

Localization of QA Biosynthesis and Transport of QAs
====================================================

There is strong evidence for the synthesis of QAs in aerial tissues of lupin as opposed to roots: lupin L/ODC is localized to chloroplasts ([@B153]; [@B20]), *La-L/ODC* transcript level is highest in young leaves of bitter NLL, while barely detectable in mature leaves, cotyledons, hypocotyls and roots ([@B20]), cadaverine is incorporated into lupanine in aerial tissue but not in roots ([@B146]) and grafting experiments in lupin, whereby high-QA lupin scions are grafted onto low-QA lupin roots and vice versa, show that shoots are more important than roots in determining overall plant QA content ([@B139]; [@B79]). The last step of lysine biosynthesis also takes place in the chloroplast ([@B85]; [@B153]). Interestingly, *Lycopodium clavatum* L/ODC, with a role in biosynthesis of *Lycopodium* alkaloids which are also derived from lysine, is localized in the cytosol ([@B19]) and perhaps the chloroplastic location of La-L/ODC increases its accessibility to lysine, rather than ornithine, as a substrate for the production of QAs.

The expression of *LaHMT/HLT* and HMT/HLT activity was associated with roots and hypocotyls of *Lupinus* plants ([@B115]; [@B95]), and the activity of both HMT/HLT and ECT/EFT-LCT/LFT was not associated with chloroplasts ([@B127]). This suggests that while the most important steps in the QA biosynthetic pathway take place in aerial tissues, it is possible that the entire pathway is not limited to such tissues. Once synthesized, QAs are then translocated to the reproductive organs via the phloem ([@B155]; [@B79]). The loading of QAs onto the phloem may be selective as lupin leaves have more diverse QA profiles than both grain and phloem exudates ([@B154]; [@B79]). No studies have yet investigated QA biosynthesis within seeds themselves. It has been estimated, based on measures of translocation of QAs and total QAs in reproductive tissues, that of the QAs that accumulate in seeds, half are synthesized within the seed and half are translocated ([@B79]).

The identification of sites of QA biosynthesis and transport processes is important for targeting the accumulation of QAs in grain. If QA biosynthesis within seeds themselves is not appreciable, this offers the means to target QA transport processes in order to reduce grain QA levels without compromising QA biosynthetic processes, which negatively affects plant fitness. In lupin, sweet (low QA) cultivars have considerably lower resistance to disease and predation compared to bitter (high QA) wild germplasm, increasing susceptibility to insect attack and transmission of aphid-borne viruses ([@B12]; [@B140]; [@B2]). In particular, sweet *L. luteus* varieties, which are valued because of their very high protein content, are susceptible to aphid attack and as such, are unsuccessful in Australia and resistance may be difficult to achieve with grain QA levels below 0.02% ([@B13]; [@B1]). One concept for lupin breeding is to develop a 'bitter/sweet' phenotype*---*a plant that has sufficiently high QA levels in vegetative tissues to deter insect attack, but contains low QA levels in grain ([@B147], [@B150]). For this, transporters involved in the translocation of QAs from source tissues to seeds must be identified.

Though several genes that are involved in the transport of nicotine, BIAs and a MIA precursor have been identified, no targets are yet identified which affect the alkaloid levels in source and sink tissues separately. In *Nicotiana*, nicotine is synthesized in roots and is usually transported to leaves *via* the xylem ([@B35]; [@B7]). Transporters involved in the sequestration of nicotine into vacuoles belong to the multidrug and toxic compound extrusion (MATE) family (NtMATE1, NtMATE2, NtJAT1, NtJAT2; [@B88]; [@B123]; [@B122]) and a plasma membrane located, nicotine importer belongs to the purine uptake permease-like (PUP-like) family (NtNUP1; [@B64]). These nicotine transporters are mainly expressed in roots (*NtMATE1, NtMATE2, NtNUP1*), with *NtJAT1* expressed in all tissues and *NtJAT2* expressed almost exclusively in leaves and all are induced by methyl jasmonate ([@B88]; [@B123]; [@B64]; [@B73]; [@B122]). NtJAT1 may also function as a plasma membrane localized nicotine eﬄux transporter when produced in root tissue, suggesting that this transporter plays more than one key role in nicotine transport ([@B88]). Most of these MATE transporters also efficiently transport tropane alkaloids, with NtJAT1 and NtJAT2 additionally found to transport berberine, and NtNUP1 also transports vitamin B6 ([@B88]; [@B123]; [@B64]; [@B122]; [@B72]). Down-regulation of *NtMATE1/MATE2* transcript levels in *Nicotiana* plants using RNA-interference (RNAi) did not affect alkaloid levels in the leaves or the roots, however, did increase sensitivity of the plant to exogenously applied nicotine ([@B123]). Down-regulation of *NtNUP1* reduced nicotine accumulation throughout the entire plant, however, root to shoot translocation was unaffected ([@B64]; [@B73]). Interestingly, *NtNUP1* positively regulates the expression of a key transcription factor in the nicotine biosynthesis pathway, possibly explaining the reduced nicotine content in RNAi lines ([@B73]). It would be interesting to assess the effect of down-regulating *NtJAT1* and *NtJAT2*, as these function as nicotine transporters in sink tissues ([@B88]; [@B122]) and perhaps nicotine levels in leaf tissues may be reduced, while levels in roots may be increased or unaffected.

One *Nicotiana* species---*N. alata*---synthesizes nicotine in the roots but is unable to translocate it to the xylem for transport to the leaves ([@B97]). Genetic studies involving hybrids between *N. alata* and the closely related *N. langsdorffii*, which does accumulate nicotine in leaf tissue, indicate that more than one dominant locus is involved in blocking transport of nicotine from the root to the xylem ([@B97]). The expression of *NtMATE1* and *NtMATE2* is also observed in the root ([@B97]). The identification of those genes controlling the dominant loci blocking nicotine transport will further our understanding of the long-distance transport of plant alkaloids.

In *C. japonica*, berberine is transported from the lateral roots to the rhizome ([@B47]). Three berberine transporters have been identified and belong to the ATP-binding cassette (ABC) family (CjABCB1/CjMDR1, CjABCB2, and CjABCB3), with *CjABCB1* and *CjABCB2* localized in the plasma membrane and expressed in the rhizome, possibly playing a role in the uptake of berberine in the rhizome ([@B119], [@B120]). In transgenic *C. japonica*, where *CjABCB1* was suppressed, berberine accumulation in the root decreased ([@B121]).

In *C. roseus*, catharanthine---which is coupled with vindoline to produce vinblastine and vincristine---is transported from the leaf epidermis to the leaf surface, resulting in spatial separation of catharanthine and vindoline ([@B113]). An ABC transporter, CrTPT2, which is specifically expressed in the leaf epidermis, functions as a catharanthine exporter ([@B160]). Virus induced gene silencing (VIGS) of the *CrTPT2* in *C. roseus* resulted in reduced catharanthine levels on the leaf surface and caused an increased in catharanthine-vindoline dimers within leaves, demonstrating that altered transport of MIA intermediates may alter biosynthesis of MIAs ([@B160]).

It is evident that altered expression of alkaloid transporters is able to alter the accumulation of alkaloids, whether that be through changes in transport processes and/or regulation of alkaloid biosynthesis itself. Candidate transporters for altering alkaloid accumulation processes would, however, need a high degree of specificity in recognizing the target alkaloids in order to not alter other transport processes in the plant, which may have undesirable consequences. In the case of QA transport in lupin, the transporters involved would include plasma membrane located exporters in cells of aerial tissue, membrane-localized transporters for entry onto the phloem, plasma membrane importers in cells of reproductive tissue, and vacuolar membrane importers in cells of both aerial and reproductive tissue, as alkaloids are often sequestered within vacuoles to avoid toxic effects within tissues ([@B159]). The transporters of most interest for lupin breeding would be those involved in the import of QAs into the grain from the phloem, as QA levels in aerial tissue and phloem sap would ideally be high to deter feeding of chewing and sap-sucking insects.

Genes Controlling QA Content in Lupins
======================================

Lupin 'Low Alkaloid' Domestication Genes
----------------------------------------

In addition to QA biosynthetic genes, major loci controlling QA content are known. All modern lupin cultivars display a significantly lower QA phenotype compared with wild varieties due to 'low-alkaloid' domestication genes, specific for each lupin species with most arising from natural mutation. Low-alkaloid mutants of NLL, *L. luteus, L. albus*, and *L. mutabilis* were first identified in Germany in the late 1920s to early 1930s from wild germplasm ([@B138]) and give insights into the regulation of QA biosynthesis.

Natural low alkaloid mutations in NLL (*iucundus, esculentus*, and *depressus*) and *L. luteus (amoenus, dulcis*, and *liber*) are recessive, segregating independently of one another and follow a simple Mendelian inheritance pattern of clear 1:3 segregation ([@B138]; [@B56]). A fourth NLL locus *tantalus* was later identified by x-ray induced mutation ([@B161]). The locus *iucundus* appears to have been exclusively used for NLL breeding and *dulcis* for *L. luteus* breeding ([@B78]; [@B56]; [@B49]). Of various, presumed natural, recessive low-alkaloid mutations in *L. albus*, identified by several authors, *pauper, mitis, reductus, exiguus*, and *nutricius* are located at different loci ([@B62]; [@B77]). The *pauper* locus is the most effective mutation in reducing QA levels and is now almost exclusively used in breeding programs, though *nutricius* and *exiguus* have been used in certain cultivars ([@B49]; [@B62]). Low alkaloid material of *L. mutabilis* identified in the 1930s was lost ([@B138]), and it was not until other natural low alkaloid mutants were reselected over several generations, that the first sweet variety with grain content less than 0.05% was developed in the early 1980s ([@B136], [@B137]; [@B29]). The cultivar Inti was then produced which has a QA content less than 0.02% ([@B54]). Crosses between Inti and bitter *L. mutabilis* revealed inheritance of the low alkaloid trait is recessive, though F2 segregation is slightly higher than 1:4, indicating that the low alkaloid phenotype in Inti is controlled by a major, as well as additional minor alleles ([@B29]). Of the low-alkaloid mutations identified in lupin, none eliminates QAs completely ([@B56]; [@B49]; [@B62]).

For low-alkaloid loci *dulcis* and presumably *pauper*, the limiting step of the QA pathway may be the reaction from cadaverine to the major structural QAs, as lysine and cadaverine levels do not differ between sweet and bitter plants in *L. luteus* and *L. albus*, nor do enzymatic activities for QA acyltransferases ([@B114]). Sweet NLL harboring the *iucundus* locus appears to have lower levels of lysine than bitter wild NLL, suggesting a different function for this gene ([@B20]). While these species of lupin cannot be crossed, the identification of low alkaloid genes will assist in further elucidating the QA pathway and will allow homologous genes between species to be identified and targeted in breeding programs. Markers linked to low alkaloid loci *iucundus* and *pauper* have been developed to assist tracking these recessive loci ([@B84]; [@B83]). Recently, dense mapping resources, an updated genetic map for NLL cv. Tanjil and genome annotation have further narrowed the candidate gene region of *iucundus* on NLL-07 ([@B59]).

Regulators of Alkaloid Biosynthesis
-----------------------------------

Jasmonic acid (JA) is a plant hormone regulating defense responses against environmental stresses and attack by pathogens and insects ([@B44]) and is a well-known activator of alkaloid biosynthesis in *Nicotiana, C. roseus* and *C. japonica*; the expression of biosynthetic genes and alkaloid levels in nicotine, MIA and BIA biosynthesis, as well as previously mentioned *Nicotiana* and *C. roseus* alkaloid transporters, respond positively to JA treatment ([@B3]; [@B101]; [@B125], [@B123]; [@B88]; [@B160]; [@B122]; [@B55]; [@B72]). Many transcription factors regulating alkaloid biosynthesis, including basic Helix-Loop-Helix (bHLH), APELATA 2/Ethylene-Responsive Factor (AP2/ERF) and WRKY transcription factors identified in *Nicotiana, C. roseus*, and *C. japonica*, also show JA responsiveness ([@B86]; [@B24]; [@B74]; [@B124]; [@B133]; [@B126]; [@B156]; [@B135]). These bHLH and AP2/ERF transcription factors regulate alkaloid biosynthesis by recognizing GCC-motif and G-box elements in the promoters of alkaloid biosynthetic genes in *Nicotiana* and *C. roseus* ([@B24]; [@B124]; [@B36]), while a WRKY transcription factor binds to W-box elements in a *C. roseus* alkaloid biosynthetic gene promoter ([@B126]). A *C. roseus* bHLH transcription factor can also bind to a G-box-like element in an AP2/ERF promoter which in turn promotes MIA biosynthesis ([@B162]). As QA levels in lupin vegetative material is known to increase after wounding ([@B144]; [@B26]), QA biosynthesis may be regulated by the JA pathway in similar ways to other alkaloids and it may be possible to identify similar candidate transcription factors regulating QA biosynthesis. More recently, microRNAs (miRNAs)---endogenous, small, non-coding RNAs which regulate gene expression by causing target mRNA degradation or translational repression ([@B90])---have been identified which may regulate nicotine and BIA biosynthetic genes ([@B15]; [@B81]). Nicotine biosynthesis can also be controlled by non-coding target mimicry (eTM)-mediated inhibition of its corresponding nicotine biosynthetic gene-targeting miRNA ([@B81]). It will therefore be interesting to analyze the role of miRNAs in regulating QA biosynthesis in lupin. Putative miRNAs have been identified from *L. albus* phloem exudate ([@B112]), and as additional lupin miRNA data sets become available, miRNAs regulating QA biosynthesis may be identified in order to better understand how the pathway is regulated.

Environmental Factors Affecting QA Production
=============================================

There is a significant environmental impact on grain QA content in lupin, due to either regulation of QA biosynthesis or transport from source tissues to the seed, though this impact appears to be highly unpredictable, with QA levels poorly explained by environmental properties such as location and seasonal climate ([@B32]). Grain QA levels can often exceed industry limits, usually by a couple of fold, though concentrations up to 2120 mg/kg have been found in sweet NLL, exceeding the limit by more than 10 times ([@B32]; [@B109]). There is, therefore, a great need to better understand how QA biosynthesis and transport is affected by environmental factors.

Light regulates QA biosynthesis by affecting the conditions within the chloroplast, with L/ODC activated by reduced thioredoxin and a light-mediated shift in pH of the chloroplast stroma from pH 7 to 8 during the day ([@B151]). As such, QA biosynthesis displays a diurnal rhythm whereby leaf QA concentrations are higher during the day and lower during the night ([@B155]). As light conditions cannot be controlled in the field, this factor is likely of less concern to breeders and farmers. Drought conditions are thought to increase QA content in lupin and drought stress can increase alkaloid levels in *Nicotiana, P. somniferum*, and *C. roseus* ([@B139]; [@B130]; [@B65]). The effect of drought on grain QA content in lupin is not clear, with the plant growth stage at which drought is imposed seeming to play a role in whether QA content increases or decreases, albeit marginally ([@B28]), however, the amount of rainfall is not strongly associated with seed QA content ([@B32]). Ambient temperature seems to have an important effect on QA content, with a small increase in mean temperature (3°C) having a marked increase in grain QA content in European NLL varieties ([@B66], [@B68]). Soil characteristics, such as soil pH and the type and amount of fertilizer used, also affect grain QA levels. Higher soil pH (6.7 and 7.1) results in lower QAs than lower soil pH (5.3 and 5.8; [@B67]). Potassium deficiency increases QAs, while phosphorus deficiency reduces them, with a significant interaction between potassium and phosphorous on QA content ([@B53], [@B51]). The growing system also has a small effect on grain QA content, with organic conditions resulting in lower QA content than conventional conditions ([@B68]). The amplitude of the response of grain QA content to environmental factors is also dependent on genotype, with some NLL cultivars more variable in QA content than others ([@B52]; [@B32]; [@B68]).

While a few studies have investigated the role of abiotic stresses on QA biosynthesis, there are currently no reports of the impact of biotic stresses on grain QA content. As QAs play a role in the protection of the plant from predators, it is thought that QA accumulation may increase as part of a defense response when the plant comes under attack. Mechanical wounding of lupin leaves and plants, which may mimic herbivore action, has increased QA accumulation in vegetative material ([@B144]; [@B26]). Leaf damage also leads to an increase in nicotine biosynthesis in *Nicotiana* ([@B7]; [@B23]). In a field situation, however, the large-scale wounding of lupin crops is not likely. Of greater concern to lupin growers are insect pests such as aphids, which can cause significant yield losses ([@B13]). While it is known that QAs are a feeding deterrent to aphids ([@B12]; [@B111]; [@B2]; [@B104]), how QA production, and QA content in lupin grain respond to aphid attack has not yet been investigated. Additionally, the attack of lupin plants by fungal pathogens may impact QA production as alkaloid biosynthetic genes in *C. roseus* and *P. somniferum* are induced by treatment with fungal elicitors ([@B100]; [@B42]). It is likely that many different factors impact on QA biosynthesis in a field situation, and those most important need to be identified in order to be able to grow a valuable lupin crop.

QA Quantification Methods
=========================

High or low grain QA phenotypes in lupin were first identified by a method similar to the still-employed Dragendorff test; the Dragendorff reagent reacts with high QA phenotypes (\>0.5%), described as bitter, and low alkaloid phenotypes with no reaction are described as sweet ([@B62]; [@B60]). More accurate and nowadays the more common method of QA quantification is performed with gas-chromatography (sometimes gas-liquid chromatography) combined with a detector, usually a mass spectrometer. Most studies report on QA content in lupin grain and food products, though some studies also report on leaves and less commonly flowers, stems, roots and phloem sap ([@B51]; [@B32]; [@B109]; [@B79]; [@B110]; [@B63]; [@B2]; [@B70]). QA extraction is performed by leaching compounds from samples using an aqueous acidic solution, and then adjusting the solution to a basic pH for QA extraction with an organic solvent, usually dichloromethane ([@B154]; [@B48]). [@B154] provide the most comprehensive spectral dataset for QAs, reporting Kovat's indices and mass spectral data for 100 alkaloids found in different species of lupin. Many subsequent studies make use of this mass spectral data to identify QAs ([@B41]; [@B110]) as obtaining pure chemical standards of QAs is difficult as they are expensive and not readily available commercially. As a consequence, quantification has been based on relative concentrations of QAs ([@B41]; [@B27]) or standard curves of major alkaloids (e.g., lupanine, gramine, or sparteine) or internal standards (e.g., caffeine, matrine) which are then applied to estimate concentrations of various other QAs ([@B89]; [@B110]). Isolation of reference QAs from lupin tissue is also possible ([@B18]; [@B140]; [@B109]) and has been used to quantify major QAs in NLL grain ([@B108]; [@B61]). Limit of detection (LOD) and limit of quantification (LOQ) values for the identification and quantification of QAs are not often reported, but for those that are, LODs range from 1 to 30.5 μg/mL and LOQs range from 3 to 87 μg/mL (**Table [2](#T2){ref-type="table"}**) ([@B16]; [@B110]; [@B48]). Despite many reports of quantification of QAs, many studies rely on relative QA quantifications or quantification for certain major QAs in mainly seed material of cultivated lupin species. In addition to the few major QAs, the presence of many minor QAs has been established in lupin leaf and grain ([@B154]) and levels of these may need further evaluation. Particularly in the case of cultivated NLL, which has a narrow genetic base and for which wild germplasm is often used as a source of genetic variation in pre-breeding material ([@B30]; [@B10], [@B11]), additional levels of minor QAs which are not being monitored may be inadvertently introduced by such breeding practices. There is, therefore, a need for an improved and more thorough methodology for the detection and quantification of QAs in lupin grain as well as other tissue types, for monitoring grain QA levels for food safety and to further facilitate the understanding of QA biosynthesis and accumulation.

###### 

Limit of detection (LOD) and limit of quantification (LOQ) values for measurement of quinolizidine alkaloids by gas-chromatography mass-spectrometry (GC-MS) or capillary-electrophoresis mass-spectrometry (CE-MS) in lupin grain and lupin-based foods.

  Compound              LOD (μg/mL)   LOQ (μg/mL)   Reference
  --------------------- ------------- ------------- -----------------
  Lupanine              2             3             [@B16]; [@B110]
                        7.9           18.2          [@B48]
  Sparteine             1             3             [@B16]; [@B110]
                        30.5          87            [@B48]
  13α-hydroxylupanine   6.5           12.5          [@B48]
  Angustifoline         16.1          61.4          [@B48]

Future Prospects
================

There is now a realistic opportunity for further elucidating the QA biosynthetic pathway in lupin grain crops and tackling the problem of QA accumulation for an emerging human health food. Recently developed genetic and genomic resources for NLL will greatly facilitate the identification of genes involved in this pathway, including the generation of a comprehensive NLL genome sequence ([@B59]), transcriptomic data sets for various NLL tissue types as well as three other cultivated lupin species ([@B99]; [@B96]; [@B118]; [@B142]; [@B45]; [@B71]), and dense genetic maps for NLL and *L. albus* ([@B33]; [@B91]; [@B158]; [@B76]; [@B71]). The remarkable progress in the elucidation of alkaloid biosynthetic pathways in model species in recent years, using a combination of genetic maps, genomic and transcriptomic resources, technical advances in enzymology, next generation sequencing, metabolite profiling and methodology for validating candidate genes with roles in alkaloid biosynthesis (i.e., RNAi or VIGS; [@B57]; [@B55]; [@B141]; [@B75]; [@B98]), serves as a strong basis for understanding QA biosynthesis. Genetic and genomic resources can now be utilized in lupin to identify transcriptome-based candidate genes involved in QA biosynthesis and transport by comparative analysis between high and low QA varieties and plant tissue types or transcriptomic profiling analyzing QA-induced plants. The function of candidate genes may be studied by genetic transformation of lupin, the primary method being *Agrobacterium tumefaciens*-mediated transformation of wounded seedling shoot apical meristems to generate transgenic shoots ([@B105]). While transformation efficiencies are low due to low survival and chimeric nature of T~0~ plants, this method has been successful in generating transgenic NLL ([@B87]; [@B105]; [@B143]; [@B131]; [@B5]; [@B8]), *L. luteus* ([@B82]; [@B106]), and *L. mutabilis* ([@B6]; [@B107]) to confer various traits, with recent modifications improving this transformation method for NLL ([@B92],[@B93]). For *L. albus*, however, *A. tumefaciens*-mediated transformation has been unsuccessful and as such hairy root transformation using *A. rhizogenes* ([@B134]; [@B117]; [@B25]) and VIGS using the *Peanut stunt virus* vector ([@B157]) have been used to study gene function in this species. Metabolite profiling is an additional resource that could be enhanced in lupins to provide a valuable understanding of how the QA pathway interacts with other metabolic pathways in the plant, especially under abiotic and biotic stresses. This would be useful in understanding the effect of environmental and genotypic interactions on QA biosynthesis. The metabolite profiling of genetically diverse wild NLL accessions that will be used to introgress novel traits into pre-breeding lines would also be of interest as the level of genetic variation in QA content and composition in wild NLL is unclear and accessions which may introduce QAs which are currently not monitored for, need to be identified.

A better understanding of the genes involved in QA production and transport will allow for the management of QA grain content in various ways. For NLL, the first approach would be to focus on introgressing recessive alleles other than the *iucundus* locus (e.g., *esculentus, depressus*, and *tantalus*) into new varieties with the hypothesis that stacking these could reduce the QA content further and well-below the 0.02% threshold for use as a product for human consumption. A second approach would be to use various reverse-genetics approaches to identify genes involved in the biosynthesis, regulation or transport of QAs in order to reduce QA biosynthesis or transport to the grain. As most reduced QA content in lupins are the result of spontaneous mutations, and low QA loci are simply inherited and thus major genes controlling the pathway, it may be possible to find complete knock out mutants in QA biosynthetic genes as none of the current low QA mutations remove the QA phenotype completely. The targeting of QA transporter genes may also allow the QA content in foliar tissue to remain at high levels, but reduce or nullify the transport of QAs to the seed thereby still providing strong protection of the foliar tissue to insect predation, yet producing grain suitable for human consumption. A third approach would be the use of CRISPR/Cas9 to edit genes involved in QA regulation, synthesis or transport, thereby reducing grain QA content. The use of this technology will depend on whether its products are classified as genetically modified in the regulatory systems of different countries. In Australia, where the majority of the world's lupin grain is produced, current legislation would class this as genetically modified, and CRISPR/Cas9 is therefore a less desirable approach for the improvement of lupin crops.

In stark contrast to most other crop species, lupins are only very recently domesticated and modern varieties have a narrow genetic base. The excellent genetic and genomic resources available for lupin now offer significant opportunities to ensure grain QA levels remain below the industry limit to improve the quality of this high protein grain legume.
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BIA

:   benzylisoquinoline alkaloid

ECT/EFT-LCT/LFT

:   ρ-coumaroyl-CoA/feruloyl-CoA: (+)-epilupinine/(--)-lupinine *O*-coumaroyl/feruloyltransferase

HMT/HLT

:   tigloyl-CoA:(--)-13α-hydroxymultiflorine/(+)-13α-hydroxylupanine *O*-tigloyltransferase

L/ODC

:   lysine/ornithine decarboxylase

MIA

:   monoterpenoid indole alkaloid

NLL

:   narrow-leafed lupin

QA

:   quinolizidine alkaloid
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